During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a model can be useful in the goal of predicting turbine blade life, given a set of FDR data.
Introduction
CFRP laminated composites are widely used in the aerospace industries due to high specific strength. With respect to these composites, the in-plane strength is important and has been investigated by a great many researchers while less attention had been paid to the out-of-plane strength than the in-plane strength. However, the out-of-plane strength or the through-thickness strength of these composites has become important because of the increase of the applications 1. Introduction CFRP laminated composites are widely used in the aerospace industries due to high specific strength. With respect to these composites, the in-plane strength is important and has been investigated by a great many researchers while less attention had been paid to the out-of-plane strength than the in-plane strength. However, the out-of-plane strength or the through-thickness strength of these composites has become important because of the increase of the applications of these composites to thick-walled or curved structures. Hojo et al. (2006) investigated delamination fatigue properties of interlayer-toughened CFRP laminates using double cantilever beam specimens. Another Hojo (one of the authors of the present paper) et al. (2012, 2013, 2015) investigated the out-of-plane static tensile strength of the CFRP laminated composites, using L-shaped specimens by the four-point-bending method based on ASTM (American Society for Testing and Materials) Designation: D 6415/D 6415M -06a (2006) . Further, Shigemori et al. (2014) studied on the out-of-plane static and fatigue strength of the same composites by the direct method using flatwise tension specimens based on ASTM Designation: D 7291/D 7291M -07 (2007) .
In this research, fatigue tests were conducted by the four-point-bending method using L-shaped CFRP laminated composite specimens and the out-of-plane fatigue strength was examined. Here, for the purpose of reducing the test time, only the low cycle fatigue tests were carried out. For the comparison, we also conducted the fatigue tests by the direct method using the flatwise tension CFRP laminated composite specimens based on ASTM Designation: D 7291/D 7291M -07 (2007). Further, fracture surfaces of both types of specimens were observed and discussed.
Experimental procedure
In this research, CFRP laminated composite specimens were fabricated using the prepreg T800S/3900-2B made by Toray Industries, Inc., Japan. Composite materials fabricated by this prepreg have been used as one of the primary structural materials of Boeing 787. This CFRP laminated composite material is composed of CF/epoxy layers and interlaminar epoxy layers toughened by the dispersion of polyamide particles (Shigemori et al. (2014) ). Mechanical properties of the CFRP laminated composites made from T800S/3900-2B are summarized in the report by Morimoto et al. (2015) .
Four-point-bending fatigue test
Four-point-bending method is shown in Fig. 1 (a) . This method is specified by ASTM Designation: D 6415/D 6415M -06a (2006) and can induce out-of-plane stress to the L-shaped specimen at its curved section. The bending moment Mc acting at the curved section of the L-shaped specimen is expressed as
where, denoting the initial angle of by i,
(
Using the bending moment Mc, the maximum value of the out-of-plane stress can be described as (4)
In this study, fatigue tests for the L-shaped CFRP specimens due to cyclic out-of-plane tensile stresses were carried out by repeating the compressive load P. Unidirectional laminates [0] 32 are used as the specimens where 0° direction is in the L-shape of the specimen. Here, five specimens were prepared and each specimen is referred to as LS-1, LS-2, etc. The dimensions of the experimental apparatus and the specimen are shown in Table 1 . Fatigue tests were carried out under the load-controlled condition of the sinusoidal loading with the frequency 1 Hz and the stress ratio 0.1 using a servo hydraulic dynamic test machine INSTRON 8500. The maximum load P max was set to be 63-75 % of the static tensile strength obtained by Hojo et al. (2013) . The value of Pmax applied to each specimen is shown in Table 2 . The corresponding maximum out-of-plane stress max r  calculated by Eq. (4) is also shown in the same table. Figure 1 (b) is an example of the images of the four-point-bending fatigue tests. After the fatigue test, each delaminated specimen was grinded off at the parts shown by the red diagonal lines in Fig. 2 and fracture surfaces were observed by a microscope. 2 . The regions shown by the red diagonal lines were grinded off and the delaminated (fracture) surfaces were exposed for the observation. 
Flatwise tension fatigue test
In order to compare with the results of the four-point bending fatigue tests, flatwise tension fatigue tests were also conducted. Figure 3 (a) shows the shape and dimensions of the specimen which is composed of [0]130 laminates and both grips of stainless steel. Here, 0° direction is taken perpendicular to the axis of the specimen. Unidirectional CFRP laminates and both stainless grips of the specimen are glued using the adhesive film AF163-2 made by 3M Company. Here, five specimens were prepared and each specimen is referred to as FW-1, FW-2, etc. In a similar manner to the four-point-bending fatigue tests, the flatwise tension fatigue tests were carried out under the load-controlled condition of the sinusoidal loading with the frequency 1 Hz and the stress ratio 0.1 using a servo hydraulic dynamic test machine INSTRON 8500. The maximum tensile load Pmax was set to be 51-75 % of the static tensile strength obtained by Shigemori et al. (2014) . The value of Pmax applied to each specimen is shown in Table 3 . The corresponding out-ofplane stress max is also shown in the same table. Figure 3 (b) is an example of the images of the flatwise tension fatigue tests. After the fatigue test, each specimen was observed at its fracture surface by a microscope. 
Results and discussion
Both in the four-point-bending fatigue test and in the flatwise tension fatigue test, almost no hysteresis change between the load and the displacement was observed and fracture occurred suddenly without appreciable prior deformation. Figure 4 shows the relation between the maximum applied stress and the number of cycles at fracture N f for the four-point-bending fatigue test and the flatwise tension fatigue test. With respect to the flatwise tension fatigue test, Shigemori et al. (2014) investigated the fatigue life of the same unidirectional CFRP laminates by a similar testing method with the stress ratio 0.1. Therefore, we can compare our results with those by Shigemori et al. (2014) . There is no large difference between them. However, considerable difference is observed between the results of the four- point-bending fatigue test and those of the flatwise tension fatigue test. The fatigue life under the cyclic four-pointbending is much larger than that under the cyclic flatwise tension. In order to explain the difference of the fatigue life between both testing methods, the effect of the residual stress at the curved section of the L-shaped specimen must be considered. Further, biaxial stress effect at the curved section of the L-shaped specimen should be taken into consideration because not only the cyclic out-of-plane stress (thickness direction) but also the cyclic bending stress (longitudinal direction) is acting simultaneously at the curved section of the L-shaped specimen. Furthermore, we cannot deny the possibility that the lower fatigue life in the flatwise tension fatigue test resulted from bending stress due to the insufficiency of the loading axis alignment. However, the details of the fatigue life difference between both testing methods are not clear at this stage. Figures 5 (a) and (b) show examples of the images just after the fracture of the L-shaped specimens and the flatwise tension fatigue specimens, respectively. We can observe two delaminations which occurred at close but different layers in Fig. 5 (a) . However, all the L-shaped specimens have not displayed such a delamination pattern. As an Fig. 4 . Relation between the maximum applied stress and the number of cycles at fracture Nf for the four-point-bending fatigue test and the flatwise tension fatigue test.
(a) L-shaped specimen (LS-4).
(b) Flatwise tension specimen (FW-4). example is shown in Fig. 5 (b) , in all the flatwise tension fatigue tests, final fracture occurred along the boundary between the straight part and the non-uniform cross sectional part adjacent to the stainless grip. This may imply as a possibility that the stress concentration occurred at the boundary. Figure 6 shows the delaminated surfaces (both upper and lower fracture surfaces) of the L-shaped specimens at the curved sections. Note that each figure was obtained by connecting multiple photos. Further, Fig. 7 shows examples of the lower fracture surfaces at the straight sections of the L-shaped specimens. Figure 8 shows the fracture surfaces of the flatwise tension fatigue specimens. It can be seen that the fracture occurred in the CF/epoxy layer of the flatwise tension fatigue specimens but on the other hand, we can observe the toughened interlayer regions in the fracture surface of the CF/epoxy layer of the L-shaped specimens at the curved sections. A typical example of the toughened interlayer region is indicated in the upper image of Fig. 6 (b) . However, at the straight sections of the L-shaped specimens, fracture in the CF/epoxy layer was predominant. In order to investigate the micro mechanism of the fatigue fracture of the CFRP made from T800S/3900-2B prepregs, it is worthwhile clarifying the reason why the toughened interlayer appears on the fracture surface of the four-point-bending fatigue specimen at the curved section. However, the reason is not unclear at this stage.
Conclusions
In this research, low cycle fatigue tests were conducted by repeating the out-of-plane loading for interlayertoughened CFRP laminates made from the prepregs T800S/3900-2B. The four-point bending method and the flatwise tension method were adopted and both results were compared. Further, the fracture surfaces were observed. The results are summarized as follows.
(1) We observed almost no change in the load-displacement hysteresis with respect to cyclic loading in both the four-point-bending fatigue test and the flatwise tension fatigue test.
(2) Final fracture occurred almost in a brittle manner without appreciable prior deformation in both the four-pointbending fatigue test and the flatwise tension fatigue test.
(3) We observed much longer fatigue life in the four-point-bending fatigue test than in the flatwise tension fatigue test. However, the effects of the residual stress and the biaxial loading should be considered and evaluated properly in the four-point-bending fatigue test. Regarding the flatwise tension fatigue test, stress concentration may occur at the boundary between the straight part of the specimen and the non-uniform cross sectional part adjacent to the stainless grip. Further, we should consider the possibility of the effect of the bending stress due to misalignment of the loading axis.
(4) On the fracture surface at the curved section of the four-point-bending fatigue test specimen, we could observe toughened interlayer regions. However, regarding the fracture surface of the flatwise tension fatigue test specimen or the fracture surface at the straight section of the four-point-bending fatigue test specimen, fracture in the CF/epoxy layer was predominant.
